Abstract: Full-duplex communication (FDC) can potentially double the network capacity by allowing a device to transmit and receive simultaneously on the same frequency band. In this study, a novel resource allocation and user scheduling algorithm is proposed to maximise the network throughput for a cellular network with full-duplex (FD) base stations (BSs). The authors consider that FDC is utilised at the BS with imperfect self-interference (SI) cancellation while user devices only work in the traditional half-duplex (HD) way. In addition, to potentially cancel co-channel interference caused by other users, the opportunistic interference cancellation (OIC) technique is applied at user side. Since FDC does not always perform better than HD due to residual SI (RSI), a joint mode selection, user scheduling, and channel allocation problem is formulated to maximise the system throughput. The optimisation problem is non-convex and NPhard, thereby a suboptimal heuristic algorithm with low computational complexity is proposed. Numerical results demonstrate that user diversity gain, FD gain, and OIC gain can be achieved by the proposed algorithm, respectively. The performance of FDC depends on the intensity of RSI and the distribution of user devices.
Introduction
Recently, full-duplex communication (FDC), which allows transmitting and receiving over the same frequency band simultaneously, has achieved much attention in wireless networks for its potential to double the link capacity [1] . The main challenge of FDC is how to cancel self-interference (SI) caused by the full-duplex (FD) device itself, which interferes with the desired signal. There are three kinds of SI cancellation methods, known as propagation cancellation, analogue cancellation, and digital cancellation. Propagation cancellation isolates the transmit signal from the receive antenna using path loss methods [2, 3] , antenna directionality [4] [5] [6] , and cross polarisation [4, 6] . Analogue cancellation subtracts the transmit signal in the receive chain before analogue-to-digital converter (ADC) [3, 7, 8] . Digital cancellation uses digital signal processing techniques in digital domain to suppress residual SI (RSI) [9, 10] . After applying the cancellation methods mentioned above, the RSI could be effectively cancelled to meet the communication requirement, which makes FDC implementable for practical wireless systems [11, 12] .
Since FDC allows a device to transmit and receive simultaneously on the same frequency band, the traditional media access control (MAC) protocols for half-duplex (HD) networks should be redesigned to maximise the system performance. Recently, there have been several works focusing on the MAC design and radio resource optimisation in FDC cellular networks. The authors in [13] have studied a FDC cloud radio access network from information-theoretic viewpoint. A multi-cell system with FDC enabled base stations (BSs) has been analysed in [14] with the assumption of perfect SI cancellation and fixed transmit power. An intra-cell co-channel interference model has been proposed for FDC networks in [15] . A single-cell FDC orthogonal frequency division multiple access network has been studied in [16] . However, in these works, FDC is enabled at both BS and user equipments, which is impractical since user equipments in general have little ability to effectively cancel the SI due to hardware limitation.
In this paper, we consider a more practical system model, where FDC is only utilised at the BS and user devices communicate in the traditional HD way. In such a network, each user will suffer strong interference from those users transmitting on the same channel. Therefore, opportunistic interference cancellation (OIC) technique is used to cancel the co-channel interference at the user side. Consequently, two new communication modes, namely the FD without OIC mode and the FD with OIC mode are available in addition to the traditional HD mode. On the other hand, user pairing which determines which two users are paired on the same channel is also very essential for performance improvement. Intuitively, two users located far away should be paired to avoid severe co-channel interference. However, their channel gains from the BS should be also considered. In addition, channel allocation and power control could be further taken into account to maximise the system throughput.
Motivated by this, the joint communication mode selection, user pairing, and resource allocation problem is investigated in this paper, with the objective of maximising a weighted network throughput. Since the problem is NP-hard, we propose a heuristic resource allocation and user scheduling algorithm, which separates the problem into two subproblems: power control and user scheduling. Numerical results show that three different kinds of gains, namely user diversity gain, FDC gain, and OIC gain can be respectively achieved and the performance of FDC and OIC depends on the intensity of RSI and the user distribution, respectively. The major contributions of this work can be summarised as follows: (i) A more practical FDC model is considered where FD is only performed at the BS and user devices utilise the traditional HD mode.
(ii) OIC is utilised in the user devices to cancel the co-channel interference brought by other users transmitting on the same channel.
(iii) A joint resource allocation and user scheduling algorithm is proposed to maximise the weighted network throughput, which combines uplink data rates and downlink data rates with different weights.
(iv) Numerical simulations demonstrate that three kinds of gains can be achieved by joint utilisation of FDC and OIC.
The rest of the paper is organised as follows. In Section 2, the system model is introduced. Three communication modes are
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Research Article analysed and compared in Section 3. Then, in Section 4, the optimisation problem is formulated and a heuristic algorithm with low computational complexity is proposed. Numerical results are given in Section 5. Finally, Section 6 concludes the paper.
System model
As depicted in Fig. 1 , we consider a single cell network with the BS located at the centre and I cellular users, denoted by C 1 , C 2 , …, C I , randomly located within the coverage. Each user requires both downlink and uplink transmissions. We further assume that there are N channels in the system and N > I. For simplicity, both the BS and users are equipped with one antenna.
It is assumed that the BS has the capability of FDC, i.e. it can transmit and receive over the same frequency band simultaneously. However, user devices can only work in the traditional HD mode. This is reasonable and practical for the BS generally has better ability to cancel the SI to a sufficiently low level while the user devices can not cancel the SI sufficiently due to hardware limitation. In such a system, each user will suffer strong interference from the co-channel user in the same cell, as shown in Fig. 1 . To tackle this problem, we assume that the OIC technique could be employed at user devices to cancel the co-channel interference. Suppose C i and C j are the uplink user and the downlink user on a particular channel, respectively, then the OIC method is performed in the following way:
(i) If co-channel interference from C i to C j is strong enough, then C j can first decode the interference signal from C i before decoding its own information. In this situation, interference from C i disappears.
(ii) If co-channel interference from C i to C j is not strong enough, then C j will decode its data by treating interference from C i as noise, which is the traditional way in cellular systems.
We shall note that, to accomplish the OIC, C j should know the codebook of C i a priori. This assumption is generally reasonable in practical cellular networks and has been also used in [17] . On the other hand, although C j can decode the message of the co-channel uplink user, C i , by utilising the OIC scheme, it cannot obtain the exact data since the data is encrypted by some high-layer protocols in cellular systems.
It is also assumed that SI cancellation at the BS is imperfect and the RSI factor at the BS can be denoted as η, which is non-zero and is assumed to be already known. Furthermore, we assume that the channel state information (CSI) of all involved links is known to the BS, which serves as the central controller where resource management is performed. We denote h U i,n as the uplink channel power gain for the ith user on the nth channel, which can be written as
where G is the path loss constant, β i,n is the fading constant, d i is the distance from C i to the BS, and α is the path loss exponent. Similarly, we can define h D j,n as the downlink channel power gain of C j on the nth channel and h i, j,n as the co-channel interference power gain from C i to C j on the nth channel.
Rate analysis and optimal power control
In this section, three cellular communication modes are investigated, which are the HD mode, the FD without OIC mode, and the FD with OIC mode. We aim to find the optimal power control for each mode. This section investigates the single user pair case, while in the following section we will consider the joint mode selection, user pairing, and channel allocation problem.
Half-duplex
In this mode, a channel can only be used by one user for uplink communication or downlink communication. If channel n is used by C i for uplink communication, the data rate can be written as
where p If channel n is used by C j for downlink communication, the data rate can be written as
where p D j,n is the downlink transmit power and N D 0 is the power of AWGN at C j .
In both the equations, the data rate increases with transmit power. Therefore, the maximum data rate can be achieved when the transmit power is maximised.
FD without OIC
When FDC technique is utilised at the BS, a channel can be used by C i for uplink communication and C j for downlink communication simultaneously, as shown in Fig. 1 . Considering the imperfect SI cancellation at the BS, the data rate in this mode can be derived as
where R U i,j,n is the data rate for uplink communication, R D i,j,n is the data rate for downlink communication, p U i,j,n is the uplink transmit power, p D i,j,n is the downlink transmit power, and η n is the RSI factor of channel n at the BS. Here, the interference for uplink transmission is h n p D i,j,n , which is related to the downlink transmit power, p D i,j,n . Therefore, uplink and downlink powers should be jointly optimised for user pair (C i , C j ). In this paper, our objective is maximising a weighted network throughput. In general, the throughput for uplink and downlink cannot be directly summarised since they are not equally important. Therefore, we introduce a weight factor, l (0 ≤ l ≤ 1), to combine uplink and downlink data rates, as
Here, l can be interpreted as the importance of uplink and downlink throughput. More importance is put on uplink if l is closer to 1, while more importance is put on downlink if l is closer to 0. Also l = 0.5 means that downlink and uplink have the same importance. In this case, (5) degrades into the aggregate throughput for uplink and downlink. We aim to find the optimal power pair (p U i,j,n , p D i,j,n ) to maximise the data rate, R i,j,n , in (5), which can be formulated as
subject to
where p max i,n and p B,max n are the maximum transmit powers of uplink and downlink on channel n, respectively. Here, we assume the transmit power on each channel is constrained since the maximum transmit power on each downlink and uplink resource block is limited in practical long term evolution (LTE) systems. However, one can consider the scenario where the overall transmit power on all channels is constrained, where the water-filling power allocation can be performed to further improve the system performance.
This is a non-convex optimisation problem due to interference in (4). However, since the optimisation variables are only p U i,j,n and p D i,j,n , we can solve it using the numerical method, as detailed in Appendix 1.
FD with OIC
In this mode, in addition to FDC technique applied at the BS, the OIC technique is used at user devices. In Fig. 1 , when co-channel interference caused by C i is strong enough, C j can first use OIC to successfully decode the interference signal from C i and then decode its own signal. Since OIC can only be used at C j , the uplink data rate in this mode, denoted as R U,IC i,j,n , is the same as that in the FD without OIC mode. The downlink data rate can be expressed as (see (7)) The uplink and downlink data rates are combined as R IC i,j,n in the same way as (5) . Also, an optimisation problem to maximise the weighted network throughput can be formulated in a similar way as (6), whose solution can be found in Appendix 2.
Comparison among different modes
Now, the performances of the three communication modes are discussed and compared. Again, we only consider one pair of users.
First, HD mode is a special case of FD without OIC mode by setting the transmit power of one participant user to zero. Therefore, FD without OIC mode has better performance than HD mode. The performance of FD without OIC mode largely depends on the value of RSI. The higher the RSI, the worse the performance. In the extreme case when RSI is 1, FD without OIC mode degrades into HD mode. However, when RSI is completely cancelled, i.e. η = 0, the FD without OIC mode can almost double the capacity.
In addition, it is obviously that FD with OIC mode performs better than FD without OIC mode due to the utilisation of OIC. However, the performance gain of OIC technique largely depends on interference between the two involved users, which will be investigated in Section 5.
4 Joint mode selection, power control, and channel allocation
In this section, we further consider the multi-user scenario. We first formulate a joint mode selection, user scheduling, and channel allocation problem, taking into account all the three communication modes mentioned above. Then, we develop a heuristic algorithm.
Problem formulation
We define a four-dimensional binary variable for user scheduling and channel allocation, denoted as a nijm , where m is the index for communication mode, n is the channel index, and i,j are user indices. The detailed procedures for constructing this variable can be described in the following way:
(i) When m = 1, it means channel n is used for uplink communication only. In this case, if i = j and channel n is allocated to C i , a nijm = 1; otherwise, a nijm = 0.
(ii) When m = 2, it means channel n is used for downlink communication only. In this case, if i = j and channel n is allocated to C i , a nijm = 1; otherwise, a nijm = 0.
(iii) When m = 3, channel n is used for FD without OIC mode. If i ≠ j and channel n is simultaneously used by C i for uplink and C j for downlink, a nijm = 1; otherwise, a nijm = 0.
(iv) When m = 4, channel n is used for FD with OIC mode. If i ≠ j and channel n is simultaneously used by C i for uplink and C j for downlink, a nijm = 1; otherwise, a nijm = 0.
In addition, we further define R 
We shall note that both R U nijm and R D nijm are constants since they have already been determined by the power control methods in (2), (3), and (6). Therefore, the optimisation variable here is only the
binary variable, a nijm , and the problem can be formulated as
n,j,m
where (10b) denotes each channel can be used only once, (10c) and (10d) are the quality-of-service (QoS) constraints for uplink and downlink, respectively. Here, we assume that the problem is always feasible, which can be guaranteed by some admission control schemes as have been widely investigated in the literature. Indeed, the admission control strategies for traditional HD cellular networks can also be applied in this work, i.e. the problem is definitely feasible if all the involved users can be admitted into the system by assuming HD mode only.
As mentioned before, the binary variable a nijm is the only variable to be optimised in (10) . Therefore, it is a 0-1 integer optimisation problem, which is NP-hard in general. The branch and bound (B&B) method in [18] can be utilised to solve this kind of problem. However, the computational complexity of the B&B method is very high due to the large scale of problem. Therefore, a heuristic algorithm with low computational complexity will be proposed in the follows.
Heuristic algorithm
In the heuristic algorithm, the problem is decoupled into two subproblems: power control and user scheduling.
i. Power control: The difficulty in the power control step mainly comes from the QoS constraints in (10c) and (10d) where the transmit power on each channel is coupled. To find a feasible power control result heuristically, we introduce the following constraint to replace (10c) and (10d), as
where R U min and R D min are some predetermined parameters for uplink and downlink data rate, respectively. The reason we multiply R U min and R D min , respectively, by 1 − l and l is that the objective function in (5) is related to l, which has great influence on the power control results. Note that this constraint means that uplink and downlink data rates without interference must be larger than some given thresholds. Therefore, we have considered the QoS guarantee in the power control step. However, we shall also note that the constraint in (11) is only used for power control to simplify the problem, and the constraints in (10c) and (10d) would be still taken into account in the following user scheduling step. Now the power control problem can be solved by the same methods proposed in Section 3, except a slight difference that the minimum powers are modified by (11) . After the power control step, only the user scheduling variable a nijm remains and the problem in (10) can be further solved by the user scheduling algorithm in the following.
For the HD mode, if the channel is used for downlink or uplink, the corresponding minimum transmit power should also be guaranteed.
ii. User scheduling: In the following, we propose an iterative algorithm to the user scheduling problem.
First, we add two additional constraints to problem (10) to guarantee that there are enough available channels for each user, as
where u i is the minimum number of uplink channels used by C i and d j is the minimum number of downlink channels used by C j . The values of u i and d j are both initialised to 1 and can be updated in each iteration. Second, we transform the problem into a linear programming (LP) by relaxing a nijm into continuous variable and solve it using standard LP method, such as the simplex method. Then, for each channel, we select the user with the largest a nijm and set its a nijm to 1 and other users' a nijm to 0. In this way, we obtain a user scheduling candidate, where the selected users may not satisfy their QoS constraints.
Then, the uplink and downlink QoS, denoted in (10c) and (10d), of the selected users are checked. If the QoS of all users are satisfied, the algorithm ends. Otherwise, we add one channel to those users whose QoS constraints are not satisfied. Specifically, if the uplink QoS of user i (or the downlink QoS of user j) is not satisfied, set u i = u i + 1 (or d j = d j + 1). After that, the algorithm begins a new iteration from the second step.
In some cases, the channels may be not enough to satisfy all users' QoS. In this situation, we remove the user who needs the most channels and then restart the algorithm, which serves as admission control. The detailed procedures of the proposed algorithm for the FD mode are summarised in Fig. 2 .
We now discuss the signalling overhead and the computational complexity of the proposed heuristic algorithm. The algorithm is performed by the BS, which needs to gather the CSI of interfering links between all users. Therefore, the signalling overhead is on the scale of I 2 . The main computational complexity is in the user scheduling step since closed-form expressions could be obtained in the power control step. However, the main step in the user scheduling problem is a linear programming, which generally has a polynomial complexity. Therefore, the proposed heuristic algorithm has a low computational complexity. Recall that the original problem has an exponential complexity due to its NP-hardness.
Heuristic algorithm for HD mode
To compare the performance, we also propose a heuristic algorithm for the traditional HD mode. The network throughput maximisation problem is formulated as the same as problem (10) , except that m = 1, 2. It is also a 0-1 integer program and NP-hard. We also decouple the problem into two subproblems: power control and user scheduling. The power control is the same as the FD mode. However, there are some differences for the user scheduling problem. Since a channel can only be used by one user for uplink or downlink communication, we do not add an additional channel constraint (12) in this mode. Instead, we re-allocate the channels when the QoS of some users cannot be satisfied. The detailed procedures are omitted to page limit.
Numerical results
We consider a single cellular network with a radius of r = 800 m. The BS is located at the centre of the cell. As mentioned before, the performance of OIC largely depends on the strength of co-channel interference, which eventually depends on the distance between the involved users to some extent. Therefore, to investigate the gain of OIC technique, we assume that all users are uniformly distributed in a circle area with a radius of r l (r l ≤ r). To investigate the influence of RSI, the value of the factor η is assigned from −140 to −80 dB. The major simulation parameters are summarised in Table 1 .
To check the gains of FDC and OIC techniques, the following three simulation scenarios are compared.
(i) Scenario I: Only the traditional HD mode is available for the users.
(ii) Scenario II: The OIC technique is not utilised for users in this scenario.
(iii) Scenario III: All the three modes are available in this scenario.
By comparing Scenario I with Scenario II, the performance gain of the FDC technique can be calculated. The performance gain of the OIC technique can be calculated by comparing Scenario II with Scenario III.
Impact of downlink/uplink imbalance
In Fig. 3 , we show the weighted network throughput for different weight values, l. From the figure, the performances in all three (10) is the weighted network throughput instead of the overall network throughput. The overall network throughput can be written as
We plot the overall network throughput as shown in Fig. 4 . From the figure, we can see that the FDC scheme can achieve the largest network throughput when l = 0.5 corresponding to the symmetric uplink and downlink case. The reason is that in the symmetric case, uplink channel and downlink channel can be perfectly paired to maximise the channel utilisation. In the asymmetric case, some channels should be allocated to downlink/uplink with the HD mode to fulfil the data rate requirement of downlink/uplink, and FDC cannot be performed in these channels.
User diversity gain
We depict the overall network throughput with different number of users in Fig. 5 . In Fig. 5a , where the weight factor, l, is 0.5, the network throughputs of all three scenarios increase with the user number, resulting from user diversity gain. Moreover, from the figure, the performance of FDC depends on the value of the RSI factor, η, i.e. larger η results in less network throughput.
To investigate the impact of the weight value to the system performance, we also plot the network throughput performances when l = 0.2 and l = 0.8 in Figs. 5b and c, respectively. The same results as Fig. 5a can be observed from these two figures.
FDC gain
In Fig. 6 , we show the overall network throughput with different values of RSI factor, i.e. η. From the figure, the performance of FDC decreases with η. When η is large enough, the gain from FDC is completely vanishes. Therefore, to implement FDC, there should be a minimum requirement for the capability of SI cancellation at the BS.
OIC gain
We now show the network throughput for different radii of the user distribution area, r l , in Fig. 7 . Note that r l reflects the distance between the interfering users. As user distance increases, co-channel interference becomes weak, leading to the increase of the network throughput. In addition, we can clearly observe the OIC gain by comparing Scenarios II and III. When the distance is large enough, co-channel interference becomes very weak. In this case, the OIC gain is negligible, as shown in Fig. 7 .
From the simulation results, we can conclude that three different gains can be achieved by the proposed algorithm: user diversity gain, FDC gain, and OIC gain. Moreover, the performance of the FDC technique largely depends on the intensity of RSI at the BS while the performance of the OIC technique depends on the distribution of user devices, i.e. the distance between interfering users.
Conclusion
In this paper, we address the joint mode selection, user scheduling, and resource allocation problem for a single-cell cellular network where only the BS is capable of FDC. The OIC technique is utilised at user devices to mitigate co-channel interference from other users. We first consider a single user pair and investigate the optimal power control for the traditional HD mode, the FDC without OIC mode, and the FDC with OIC mode, respectively. Then, we formulate the joint user paring and channel allocation problem as a non-convex combinatorial optimisation. Since the problem is NP-hard, a heuristic algorithm is developed which contains two subproblems: power control and user scheduling. Numerical simulation results demonstrate that the proposed algorithm can achieve three different kinds of gains, namely user diversity gain, FDC gain, and OIC gain. Moreover, the performance of FDC and OIC depends on the intensity of RSI and the distribution of users, respectively.
Appendices

Appendix 1
We first prove that for any power pair (p 
where R i,j,n (p U i,j,n , p D i,j,n ) has the same form as (5).
Proof: : For μ > 1, we can derive that (see (15) ) Therefore, the optimal solution of (6) lies where p . The 2D problem becomes two 1D problems. We can then effectively find the optimal solution by exhaustive searching method. □
Appendix 2
Although the power control problem in FD with OIC mode is similar to (6), the solution is much more complex due to that OIC is applied. According to (7), the OIC is effective when 
where the link gains and the RSI factor are normalised by the noise power. 
